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2 
ABSTRACT 19 
In-vitro testing protocols used for spine studies should replicate the in-vivo load environment 20 
as closely as possible. Unconstrained moments are regularly employed to test spinal 21 
specimens in-vitro, but applying such loads dynamically using an active six-axis testing 22 
system remains a challenge. The aim of this study was to assess the capability of a custom-23 
developed spine simulator to apply dynamic unconstrained moments with an axial preload. 24 
 25 
Flexion-extension, lateral bending, and axial rotation were applied to an L5/L6 porcine 26 
specimen at 0.1 and 0.3 Hz. Non-principal moments and shear forces were minimized using 27 
load control. A 500 N axial load was applied prior to tests, and held stationary during testing 28 
to assess the effect of rotational motion on axial load. 29 
 30 
Non-principal loads were minimized to within the load cell noise-floor at 0.1 Hz, and within 31 
two-times the load-cell noise-floor in all but two cases at 0.3 Hz. The adoption of position 32 
control in axial compression-extension resulted in axial loads with qualitative similarities to 33 
in-vivo data.  34 
 35 
This study successfully applied dynamic, unconstrained moments with a physiological 36 
preload using a six-axis control system. Future studies will investigate the application of 37 
dynamic load vectors, multi-segment specimens, and assess the effect of injury and 38 
degeneration. 39 
 40 
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INTRODUCTION 44 
In-vivo loading of the spine must be accurately replicated in the laboratory setting in order to 45 
accurately define the mechanical properties of spinal tissue, and investigate the efficacy of 46 
treatments for spinal injury and degeneration [1]. The complexity of the spine, arising from 47 
the triple joint structure at each level, and the large number of stabilizing and actuating 48 
muscles, means that simulating the in-vivo environment remains a difficult task to achieve [1, 49 
2]. 50 
 51 
Significant research has been carried out in the development of spine testing systems and, 52 
in particular, six-axis testing machines. The stiffening effect of applying a physiological 53 
preload on spinal specimens has been well-documented [3-6], with an axial preload leading 54 
to an increase in disc stiffness in axial compression-tension, flexion-extension and lateral 55 
bending ranging from 100 % to as much as 500 % [6]. The effect of frequency also leads to 56 
significant changes in the stiffness of spinal specimens [7, 8]. Costi et al. have reported a 57 
linear increase in stiffness against log-frequency increase in testing speed [7]. Previous 58 
research has made use of clutches in the non-principal axes in order to impose dynamic 59 
pure moments with a physiological preload applied via muscle force simulation [9]. A six-axis 60 
test system using position control was also developed to investigate the mechanism of disc 61 
herniation [10], demonstrating the importance in complex loading to replicate the in-vivo 62 
scenario. Likewise, in recent years there has been an increased focus on the development 63 
of testing machines with six-axis load control systems to actively control the load in each 64 
axis (Table 1). Such developments offer exciting prospects for the real-time application of 65 
complex, biofidelic loading vectors, and provide a means to accomplish the future research 66 
objectives outlined by Oxland [11] in more fully understanding disc non-linearity, dynamic 67 
effects on the spine, and create more robust links between in-vivo and in-vitro data. 68 
However, the testing rate of such machines has thus far been limited, with no system 69 
capable of completing tests in flexion-extension, lateral bending, and axial rotation within the 70 
4 
0.5-5.0 °/s testing speed recommended by Wilke et al. [2]. Furthermore, the application of an 71 
ideal follower load has been limited to tests in the sagittal plane at 0.35 °/s [12, 13]. 72 
 73 
It is well-known that spinal posture affects the axial load through the spine, resulting in 74 
increased intradiscal pressure [14, 15]. However, when a preload is applied to pure moment 75 
testing in-vitro, it is generally maintained at a constant magnitude by means of an axial 76 
preload or passive follower-load [4, 16-19], and only recently has an ideal follower-load of 77 
physiological magnitude been adopted using an advanced testing system [12, 13]. However, 78 
the stiffness matrix testing of spinal specimens has demonstrated that flexion-extension 79 
about a fixed position does lead to substantial changes in axial load [6]. It is possible that 80 
maintaining the axial position during the application of otherwise unconstrained moments 81 
may lead to physiologically representative axial loads being applied to spinal specimens. 82 
 83 
The aim of this research was to determine whether a custom-developed spine simulator was 84 
able to operate dynamically with an axial preload to complete physiological loading regimes 85 
with off-axis moments and shear forces minimized through load control using a porcine 86 
lumbar spinal specimen. Success was determined by the ability of the system to complete 87 
tests with positional demand errors close to the system resolution, and as previously used 88 
as pass criteria in such tests, zero load demand errors within two-times the load cell noise 89 
floor [20]. Additionally, the change in axial load due to rotational motion will be discussed in 90 
relation to previously published in-vivo data of the intradiscal pressure of the intervertebral 91 
disc in different postures [15, 21-23]. Achieving these objectives would demonstrate the test 92 
system capabilities to complete complex in-vitro loading regimes, which will improve the 93 
ability to replicate in-vivo loads to study the effects of injury, degeneration, and treatment of 94 
the spine. 95 
 96 
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MATERIALS AND METHODS 97 
Test Apparatus 98 
A previously developed dynamic six-axis spine simulator [24] was upgraded to operate as a 99 
six-axis electromechanical spine simulator with fully integrated control system (dSPACE 100 
Ltd., Melbourn, UK) allowing real-time test capabilities in both load and position control 101 
(Figure 1) (Table 2). A vertical axis provided translations in axial compression-tension (TZ), 102 
an XY platform provided translations in anterior-posterior shear (TX) and lateral shear (TY), 103 
and a gimbal head provided rotations in lateral bending, flexion-extension, and axial rotation 104 
(RX, RY, and RZ respectively) (Figure 2). A cranial specimen holder was fixed to the gimbal 105 
head, and a caudal specimen holder was fixed to the base plate via a six-axis load cell 106 
(AMTI MC3-A-1000, Advanced Mechanical Technology Inc., MA, USA). A previous study 107 
had established that the load cell had a noise floor of 5 N and 0.25 Nm [6]. The six-axis 108 
assembly was mounted on a crosshead (XH) to allow the vertical adjustment necessary to 109 
accommodate specimens of varying lengths. 110 
 111 
Test Protocol 112 
Biomechanical tests were completed in flexion-extension, lateral bending, and axial rotation 113 
over physiological ROMs at two dynamic frequencies (0.1 and 0.3 Hz). The ROMs used to 114 
test each axis (Figure 2) were within the physiological limits measured in-vivo [25, 26], and 115 
the same as used previously in the literature [6, 24, 27]: 3 mm in TX; 1.5 mm in TY; 0.4 116 
mm in TZ; and 4° in RX, RY, and RZ. The frequencies were chosen to approximately cover 117 
the range recommended [2] of 0.5-5/sec, whilst also allowing comparisons to previous tests 118 
in the literature [6, 24, 28, 29] (Table 1). The frequencies of 0.1 and 0.3 Hz equated to 119 
rotational speeds of 1.6 and 4.8/sec respectively. 120 
 121 
The principal axis was operated in position control to ensure a consistent test rate, and 122 
negate viscoelastic effects. The non-principal axes were maintained in load control with a 123 
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demand of 0 N or 0 Nm, with the exception of the axial compression-tension axis (TZ), which 124 
was equilibrated in load control, but was held stationary in position during testing to assess 125 
the variance bending on the axial load in relation to previous in-vivo data [14, 15]. 126 
 127 
Each test comprised five triangular wave cycles, with the first two cycles used for 128 
preconditioning [2], and the last three cycles used for data analysis [6, 24]. Position and load 129 
data were acquired at 100 Hz for all tests. A 60 second equilibration/recovery period was 130 
used prior to each test, with the control mode (position or load) of each axis set to that 131 
required for the forthcoming test. This allowed the non-principal loads to be minimized prior 132 
to the start of a test, and provided time for system stabilization due to the required control 133 
mode changes. The 500 N preload to replicate the load under normal standing posture [14] 134 
was equilibrated for 15 minutes prior to testing, and was adjusted throughout the recovery 135 
periods but a fixed axial position was maintained during testing. With the aim of providing a 136 
greater test of the system capability, no manual adjustments of the TX or TY axes to 137 
minimize non-principal moments due to the preload application relative to the specimen 138 
center of rotation (COR) were made during the equilibration or recovery periods. The test 139 
protocol was completed using an automated script developed in dSPACE ControlDesk, 140 
which ensured the timing of all tests and equilibration periods were consistent. 141 
 142 
Specimen Preparation 143 
One porcine L5/L6 anterior column unit (ACU) specimen was prepared from a T12-S1 spine; 144 
the processes and all musculature were removed, leaving the L5 and L6 vertebral bodies 145 
linked via the L5/L6 intervertebal disc, and intact anterior and posterior longitudinal 146 
ligaments. A self-tapping screw was driven into the cranial endplate of the L5 vertebra to 147 
assist with subsequent identification. The specimen was both sprayed with and wrapped in 148 
paper towel soaked with 0.9 % saline solution, triple sealed in plastic bags, and stored at -149 
24 C until the day of testing. 150 
 151 
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On the day of testing, the specimen was sprayed with 0.9 % saline whilst still wrapped in the 152 
saline soaked paper towel, resealed in three plastic bags, and allowed to thaw for 3 hours at 153 
room temperature. During the last hour of thawing the specimen was removed from the 154 
plastic bags. To aid fixation when potted using low melting point alloy (MCP75, Mining & 155 
Chemical Products Ltd., Northamptonshire, UK), two additional screws were driven into the 156 
cranial endplate of the L5 vertebra, and three screws were driven into the caudal endplate of 157 
the L6 vertebra. Specimen pots were water cooled during potting to prevent overheating of 158 
the specimen, and care was taken to align the intervertebral disc in the horizontal plane. The 159 
specimen was mounted in the spine simulator with the centre of the intervertebral disc 160 
corresponding to the datum of the displacement axes. The specimen was sprayed with 0.9 161 
% saline solution, wrapped in paper towel soaked with 0.9 % saline solution, and then 162 
wrapped in food packaging plastic. Once the specimen was fixed in the simulator, the 163 
position of all axes were adjusted to minimize the loads, with the resulting position defined 164 
as the neutral position. The testing protocol was then completed at 0.1 and 0.3 Hz with a 165 
500 N axial preload at room temperature. 166 
 167 
Data Analysis 168 
Analyses of all data were completed separately for each of the last three test cycles. This 169 
approach was adopted to ensure that two preconditioning cycles were sufficient to obtain 170 
consistent simulator performance and reliable mechanical data of the spinal specimen. 171 
 172 
The tracking error (TE) was calculated using the root mean squared (RMS) error of the 173 
actual position relative to the desired position signal. The RMS load error was calculated for 174 
non-primary axes with a zero load demand. Non-principal terms with a RMS load error within 175 
two times the load cell noise floor were considered to have been successfully maintained at 176 
acceptably low levels [20]. 177 
 178 
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Load data were also used to determine the stiffness matrix for the principal axes using the 179 
linear least squares (LLS) method [6, 27]. The positive and negative phases were calculated 180 
separately for all terms for each of the last three cycles over the entirety of the applied ROM, 181 
with the results presented separately for flexion and extension, and the results of the positive 182 
and negative phases combined for lateral bending and axial rotation. The stiffness in the TZ 183 
axis was also determined for each test, to assess the effect of motion in the principal axes 184 
on the axial load. 185 
 186 
RESULTS 187 
Control Analysis 188 
The TE of the principal axis operated in position control was maintained within the resolution 189 
of the system in all tests, and non-principal axes operated in load control were within two-190 
times the noise floor of the load cell in all but two cases (Table 3). The equilibration/recovery 191 
periods and two preconditioning cycles were sufficient to produce consistent behaviour over 192 
the last three cycles (Table 3). 193 
 194 
At 0.1 Hz, the RMS error of axes with a zero-load demand was maintained within in the 195 
noise-floor of the load cell (Figure 3). At 0.3 Hz, the RMS error of the shear forces was 196 
maintained within the noise-floor, as were three moments. One moment was within two-197 
times the noise-floor, and the flexion-extension moments due to lateral bending and axial 198 
rotation exceeded this limit (Table 3). 199 
 200 
Biomechanical Analysis 201 
The stiffness calculated for each of the last three test cycles was consistent, with a typical 202 
standard deviation of 0.02-0.03 Nm/º, and a maximum of 0.07 Nm/º in lateral bending at 0.1 203 
Hz (Table 4). 204 
 205 
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The R2 values at 0.1 Hz were 0.829 or greater, and reached 0.945 in flexion. Whilst flexion 206 
and axial rotation produced similarly linear response at 0.3 Hz (Table 4), the R2 values in 207 
extension and lateral bending were much lower. 208 
 209 
Axial compression was altered as a result of rotations (Figure 4), and the effect was greatest 210 
in flexion-extension, and lowest in axial rotation (Table 5). The change in axial force 211 
demonstrated a good linear relationship in the positive and negative phases of tests, with R2 212 
values of between 0.820 and 0.928 across tests in all axes at both 0.1 and 0.3 Hz (Table 5), 213 
and the stiffness remained consistent over the three tests cycles analyzed. The lateral 214 
bending and axial rotation demonstrated greater relaxation than flexion and extension over 215 
the last three tests cycles (Figure 4). 216 
 217 
DISCUSSION 218 
The aim of the present study was to assess the capability of a six-axis spine simulator to 219 
apply dynamic rotational loading with a physiological preload, whilst minimizing off-axis 220 
moments and shear force. An additional aim was to assess the effect of rotation on the axial 221 
load under a fixed vertical position. The key development from previous work was that tests 222 
were completed with non-principal axes being actively controlled, at physiologically dynamic 223 
testing rates. A single porcine lumbar spinal specimen was tested; this limits the application 224 
of the results in clearly defining the mechanical properties of porcine spinal specimens, or 225 
assessing the capability of the spine simulator to robustly adapt to the variability of different 226 
specimens, but is comparable with previous tests used to evaluate new spine testing 227 
machines using a single specimen [9, 20, 24, 27, 30]. The specimen used comprised a 228 
functional spinal unit with the posterior elements removed; this is also a limitation in that it 229 
omits the potential coupling effects of the facet joints and posterior ligamentous structures, 230 
and the increased complexity of multi-level specimen, which future studies with this test 231 
system should address. 232 
 233 
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The tests demonstrated the ability of the spine simulator to accurately and repeatably 234 
operate in position control, and to provide consistent load control under dynamic conditions. 235 
This was the case even with the increased difficulty of coupled loading due to the application 236 
of an axial preload, without the COR being first estimated to minimize such loads [20]. The 237 
application of the preload resulted in a flexion moment of approximately 1 Nm at zero 238 
degrees during testing, resulting in a flexion moment even when a rotation of 4° of extension 239 
was applied (Figure 3). This flexion moment also led to increased difficulty in minimizing the 240 
flexion-extension moment when operating the axis in load control compared to lateral 241 
bending and axial rotation. Whilst non-principal moments were maintained within acceptable 242 
limits at 0.1 Hz, adjusting the TX and TY axes to ensure the preload is applied through the 243 
COR in the neutral position is recommended for future studies. It is likely that this will 244 
minimize the artefact moments, whilst also providing more physiologically relevant test data. 245 
 246 
The lower R2 values in extension and lateral bending may have been the result of the lower 247 
stiffness measured in these axes compared to flexion, and axial rotation, despite the plots 248 
demonstrating reasonably linear relationships over the ROM applied (Figure 3). However, if 249 
future tests are conducted over greater ROMs than the present study, the non-linearity of 250 
spinal specimens should be accounted for in the method used to calculate specimen 251 
stiffness. 252 
 253 
The stiffness of the porcine specimen demonstrated comparable values to previously 254 
published data of porcine and ovine ACU specimens with an axial preload of 0.4-0.5 Nm/° in 255 
flexion-extension, 0.5-1.1 Nm/° in lateral bending, and 0.9-1.2 Nm/° in axial rotation [6, 29], 256 
and lower than the pure moment testing of human ACU specimens without an axial preload 257 
of 1.5-1.8 Nm/° in flexion-extension, 2.0-2.1 Nm/° in lateral bending, and 2.0 Nm/° in axial 258 
rotation [28]. The effect of the flexion moment due to the axial preload is likely to be 259 
responsible for the deviations in the stiffness in flexion and extension compared to previous 260 
data, emphasizing that future studies should adjust the anteroposterior positon to minimize 261 
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such artefacts. However, the general similarity in stiffness data provides confirmation that 262 
the results of the simulator are in line with the literature, despite the present study being 263 
limited to a single specimen. The tests were completed over normal ROMs, rather than 264 
physiological limits, though it will be possible in future studies to complete such tests. 265 
 266 
Previous in-vivo studies have shown that posture alters the intradiscal pressure and 267 
increases the axial load through the spinal column [15, 21-23]. The intradiscal pressure at 268 
the L4-L5 level in human subjects was found to increase by 86-319 % from relaxed standing 269 
to approximately 5° of flexion, and a linear relationship was found between spinal load and 270 
intervertebral rotation [23]. Whilst there are limitations in comparing the result of the present 271 
study of a single ACU specimen against a FSU in-vivo, there are qualitative similarities of 272 
the present study with previous data. The axial load in the present study was found to 273 
increase by approximately 40% at 4° of flexion, and decrease by approximately 20 % at 4° of 274 
extension. The reduction in axial load in extension is related to the flexion moment created 275 
as a result of the preload application (Figure 3); a greater degree of extension, leading to an 276 
extension moment, would be likely to cause the axial load to increase. The adjustment of the 277 
anteroposterior position upon preload application described above, may lead to increases in 278 
axial load with extension in ACU specimens. However, previous studies report mixed results 279 
in terms of the effects of extension, with Sato et al [23] reporting that when in approximately 280 
3° extension the intradiscal pressure, compared to relaxed standing, was reduced in three 281 
subjects, remained approximately the same for one subject, and increased in four subjects. 282 
This variation may be the result of differences in individual spinal geometry and kinematics, 283 
but may also relate to methodological differences such as the position of the pressure 284 
sensor within the disc. Wilke et al reported that the intradiscal pressure approximately 285 
doubled in flexion, but little change occurred in extension [21]. The changes in axial load 286 
during lateral bending and axial rotation are also qualitatively comparable to the previous 287 
data of Wilke et al [21], though the relative increase of just over 10 % in axial load was much 288 
smaller than the maximum increase in intradiscal pressure of approximately 50 % measured 289 
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by Wilke et al. The relatively small increases in axial load observed in the present study may 290 
be the result of the small ROM used compared to the large rotations of the entire spinal 291 
column used in-vivo, but it is also likely that the interaction of the facets may lead to the 292 
larger changes observed in-vivo, as the facets may guide the rotational motion so that the 293 
axial load is increased to a greater extent than in the present study. 294 
 295 
The changes in axial load reported in the present study are important in terms of how in-vitro 296 
tests should best replicate the in-vivo environment. Many previous studies have not applied 297 
a physiological preload [28, 30-32], and those studies that do so whilst operating a test 298 
system to apply unconstrained moments generally adopt a constant axial load [16] or 299 
constant follower-load [4, 17-19]. Whilst the method of maintaining constant axial position 300 
has limitations in terms of the axial load diminishing over the applied cycles and more 301 
constraint in terms of the COR, it does appear to produce a variation in axial load over 302 
rotation cycles that is qualitatively similar to in-vivo data. It is possible that the use of this 303 
method, combined with a fluid bath at 37°C to mimic the in-vivo environment may minimize 304 
the reduction in axial load as test cycles accumulate, but the constraint of the COR in the 305 
axial direction would still need consideration. It has been shown that neither pure moments 306 
without a preload, nor a follower-load, accurately replicate in-vivo cervical spine motion, but 307 
that a combination of a follower-load and axial load does simulate in-vivo segmental motion 308 
in flexion-extension [33]. Recent studies using an ideal follower-load combined with an axial 309 
load have shown that complex loading can be applied to spinal specimens [13]. Therefore, it 310 
may be appropriate to investigate how such control systems may be used to better replicate 311 
the in-vivo environment, whether through the application of load commands, or position 312 
control of vertebral translation and rotation from in-vivo 3D imaging data [34]. However, it 313 
remains a challenge to obtain such input data in a generalized form, due to the variability 314 
between specimens during in-vitro tests and between human subjects during in-vivo studies. 315 
316 
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CONCLUSIONS 317 
The spine simulator used in the present study is capable of applying dynamic physiological 318 
loading conditions, and further research will investigate the use of dynamic load vectors to 319 
better represent the in-vivo environment, which has thus far been limited to at 0.35°/s in the 320 
sagittal plane [12, 13]. The results of the present study are promising in terms of such a 321 
development. This will aid the characterisation of both the natural spine, and spinal 322 
instrumentation, with the ultimate aim of improving the treatment of spinal injury and 323 
degeneration. 324 
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FIGURES 426 
 427 
Figure 1. The six-axis spine simulator 428 
19 
 429 
Figure 2. Schematic of the control architecture of the spine simulator 430 
20 
 431 
Figure 3: Variation of moments (top row) and shear forces (bottom row) in lateral bending 432 
(left), flexion-extension (centre), and axial rotation (right) over the last three test cycles at 433 
0.1 Hz. Moments shown are in the direction of lateral bending (MX), flexion-extension (MY), 434 
and axial rotation (MZ). Shear forces shown are in the direction of anterior-posterior (FX), 435 
and lateral (FY).  436 
21 
 437 
Figure 4: Variation of axial load as a result of rotation in lateral bending (left), flexion-438 
extension (centre), and axial rotation (right) over the last three test cycles at 0.3 Hz 439 
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LIST OF TABLES 440 
Table 1. Summary of recent in-vitro spine testing systems with active six-axis control 441 
Study Preload Test rate Primary axis 
Primary axis 
control 
Zero load 
RMS error 
Zero moments 
RMS error 
[30] 0 N 
~0.86 Hz 
(0.086-0.131 °/s) 
Flexion-extension 
Lateral bending 
Axial rotation 
Load 
Load 
Load 
1.18 N 
0.85 N 
0.72 N 
0.14 Nm 
0.14 Nm 
0.14 Nm 
[32] 0 N 
0.1-0.35 Nm/s 
(0.15-0.5 °/s) 
Flexion-extension 
Lateral bending 
Axial rotation 
Load 
Load 
Load 
0.61 N 
0.56 N 
0.56 N 
0.02 Nm 
0.02 Nm 
0.02 Nm 
[31] 10 N AL 0.067 °/s 
Flexion-extension 
Lateral bending 
Axial rotation 
Hybrid 
Hybrid 
Hybrid 
1.71 N 
1.71 N 
1.71 N 
0.11 Nm 
0.11 Nm 
0.11 Nm 
[12] 400 N IFL 0.35 °/s Flexion-extension Position 0.70 N 0.03 Nm 
[20] 0.2 MPa IFL 
0.01 Hz 
0.01 Hz 
0.30 Hz 
Flexion-extension 
Lateral bending 
Axial rotation 
Load 
Load 
Load 
9.78 N 
6.82 N 
11.7 N 
0.11 Nm 
0.23 Nm 
0.43 Nm 
[13] 
400 N AL 
400 N IFL 
0.35 °/s 
0.35 °/s 
Flexion-extension 
Flexion-extension 
Position 
Position 
~3 N ~0.05 Nm 
Notes on the preload application methods: Axial load (AL), and ideal follower-load (IFL)   442 
23 
Table 2: Electromechanical drive assemblies for each axis of the spine simulator, and the crosshead (XH) 443 
Axis Drive Assembly Parts Accuracy Resolution Speed ROM Load 
TX - Two parallel linear guide rails 
- Ball screw assembly 
- Coupling 
- Brushless motor 
- Digital Encoder 
- HSR25B2SS, THK UK, Milton Keynes, 
UK 
- BNK1202, THK UK 
- GESM, Lenze Ltd., Bedford, UK 
- EC90, Maxon Motor UK Ltd., 
Finchampstead, UK 
- HEDL 5540, Maxon Motor UK  
0.018 mm 0.001 mm 20 mm/s 90 mm 500 N 
TY - Two parallel linear guide rails 
- Ball screw assembly 
- Coupling 
- Brushless motor 
- Digital Encoder 
- HSR25B2SS, THK UK, 
- BNK1202, THK UK 
- GESM, Lenze 
- EC90, Maxon Motor UK 
- HEDL 5540, Maxon Motor UK 
0.018 mm 0.001 mm 20 mm/s 90 mm 500 N 
TZ - Two parallel linear guide rails 
- Ball screw assembly 
- Coupling 
- Harmonic Drive servo-actuator and 
digital encoder 
- Brake 
- HSR35BCSS, THK UK 
- EBB2505, THK UK 
- GS14, KTR Kupplungstechnik GmbH, 
Rheine, Germany  
- FHA-11C-50-D200-EM1, Harmonic Drive 
UK Ltd., Stafford, UK 
- BFK457-06, Intorq GmbH & Co KG, 
Aerzen, Germany 
0.023 mm 0.0125 µm 10 mm/s 90 mm 4000 N 
RX - Harmonic Drive Gear assembly with 
brushless motor and digital encoder 
- Non-drive-side support bearing 
- HFUC-17-80-2UH-SP+EC90+HEDL5540, 
Harmonic Drive UK 
- 6200 ZRSH, AB SKF, Gothenburg, 
Sweden 
0.0025 0.00225 45/s 45 35 Nm 
RY - Harmonic Drive Gear assembly with 
brushless motor and digital encoder 
- Non-drive-side support bearing 
- HFUC-17-80-2UH-SP+EC90+HEDL5540, 
Harmonic Drive UK 
- 6200 ZRSH, AB SKF 
0.0025 0.00225 45/s 45 35 Nm 
RZ - Harmonic Drive Gear assembly with 
brushless motor and digital encoder 
- HFUC-17-80-2UH-SP+EC90+HEDL5540, 
Harmonic Drive UK 
0.0025 0.00225 45/s 45 35 Nm 
XH - Two parallel linear guide rails 
- Ball screw assembly 
- Coupling 
- Brushless motor 
- Planetary gearhead 
- Brake 
- HSR35BCSS, THK UK 
- EBB2505, THK UK 
- GS14, KTR Kupplungstechnik GmbH  
- EC45, Maxon Motor UK 
- GP32A, 166167, Maxon Motor UK 
- BFK457-06, Intorq GmbH & Co KG 
  1 mm/s 90 mm  
24 
Table 3: Mean (standard deviation) RMS tracking error for primary axes, and RMS load error for zero load demand on non-primary axes for 444 
each of the last three cycles applied to a porcine lumbar ACU specimen. Italics denote cases in which the RMS load error was not maintained 445 
within two-times the load cell noise-floor of 5 N and 0.25 Nm 446 
-------- Test parameters -------- ------------------------------------------------------ RMS error ------------------------------------------------------ 
Primary 
Axis 
Freq 
(Hz) 
Preload 
(N) 
Tracking 
(deg) 
FX 
(N) 
FY 
(N) 
MX 
(Nm) 
MY 
(Nm) 
MZ 
(Nm) 
RX 0.1 500 0.005(0.000) 0.307(0.012) 1.600(0.026)  0.189(0.097) 0.060(0.003) 
RY 0.1 500 0.005(0.000) 1.158(0.001) 0.775(0.054) 0.035(0.001)  0.034(0.001) 
RZ 0.1 500 0.007(0.000) 0.331(0.015) 1.376(0.025) 0.141(0.001) 0.165(0.102)  
RX 0.3 500 0.010(0.001) 0.390(0.021) 4.050(0.021)  0.630(0.097) 0.150(0.002) 
RY 0.3 500 0.014(0.001) 3.144(0.077) 0.912(0.077) 0.050(0.006)  0.040(0.005) 
RZ 0.3 500 0.011(0.001) 0.433(0.043) 3.218(0.038) 0.362(0.005) 0.560(0.090)  
25 
Table 4: Mean (SD) stiffness of the porcine ACU specimen for each of the last three cycles 447 
 Stiffness (Nm/º) R2 
Test axis 0.1 Hz 0.3 Hz 0.1 Hz 0.3 Hz 
Flexion 1.28(0.02) 1.47(0.02) 0.945(0.005) 0.967(0.003) 
Extension 0.20(0.00) 0.15(0.00) 0.829(0.004) 0.243(0.005) 
Lateral Bending 0.35(0.07) 0.31(0.03) 0.893(0.016) 0.483(0.063) 
Axial Rotation 0.97(0.02) 1.07(0.02) 0.858(0.002) 0.869(0.007) 
  448 
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Table 5: Mean (SD) stiffness relating to the axial load and rotations about each axis on the 449 
porcine ACU specimen for each of the last three cycles 450 
 Stiffness (N/º) R2 
Test axis 0.1 Hz 0.3 Hz 0.1 Hz 0.3 Hz 
Flexion -41.18(0.37) -42.91(0.58) 0.921(0.001) 0.927(0.002) 
Extension 24.86(0.28) 24.44(0.35) 0.920(0.001) 0.928(0.007) 
Lateral Bending -13.19(0.55) -14.98(0.59) 0.871(0.037) 0.894(0.023) 
Axial Rotation -12.87(2.32) -12.32(2.92) 0.820(0.028) 0.852(0.034) 
 451 
